We theoretically study Ferromagnetic Resonance (FMR) in nanocomposites focusing on the analysis of heat production. It is demonstrated that at the FMR frequency, the temperature of nanoparticles can be raised at the rate of a few degrees per second at the electromagnetic (EM) irradiation power equivalent to the sunlight power. Thus, using FMR, one can initiate either surface or bulk reaction in the vicinity of a particular magnetic inclusion by purposely delivering heat to the nanoscale at a sufficiently fast rate. We examined the FMR features in (a) the film with a mixture of nanoparticles made of different materials; (b) the laminated films where each layer is filled with a particular type of magnetic nanoparticles. It is shown that different nanoparticles can be selectively heated at the different bands of EM spectrum. This effect opens up new exciting opportunities to control the microwave assisted chemical reactions depending on the heating rate. 
I. INTRODUCTION
The current understanding of interactions of nonmagnetic metal nanocomposites with the electromagnetic (EM) waves has been significantly advanced and enabled new exciting engineering applications mostly in the band of EM spectrum corresponding to the optical frequency range. [1] [2] [3] [4] [5] [6] [7] [8] [9] EM waves passing through a metal nanoparticle excite the oscillations of the charge carries, plasmons. Plasmon oscillations, in turn, change the properties of EM waves. A new field, plasmonics, has been created to study these effects. Plasmonics has attracted significant attention in the recent decades guiding development of new light-responsive materials and devices. 1, 10, 11 In contrast to plasmonics, magnetic excitations, magnons, in magnetic nanomaterials remain poorly studied and, hence, the field of magnonics is still at the beginning of its development. 3, 9, [12] [13] [14] [15] [16] [17] [18] [19] A ferromagnetic single domain nanoparticle demonstrates an enhanced absorption of the EM irradiation within the microwave frequency range. The absorption becomes significant at the ferromagnetic resonance (FMR) frequency when the magnetic moment of nanoparticle vigorously precesses about its easy axis; 20, 21 the nanoparticles at FMR effectively dissipate the energy into heat. 22, 23 Absorption of the microwave irradiation by ferromagnetic nanoparticles is therefore attractive due to the broad potential applications in different technologies. 3, 15, 16, 18, [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] Some polymer films or nonpolar solutions are poor microwave absorbers; therefore, embedding ferromagnetic nanoparticles into the matrix appears attractive. 38 At FMR, the embedded fillers can produce heat while the matrix can be transparent within a particular FMR band. At FMR, the heat can be purposely delivered to the point of care where the magnetic inclusions are being concentrated. This way, the rate of chemical reactions can be controlled at the scale associated with the size of the inclusion or it can be triggered at the inclusion surface. 39, 40 Thus, the FMR heating of nanocomposites opens up new opportunities for magnonics.
In this paper, we theoretically study ferromagnetic resonance in non-magnetic films loaded with the single domain magnetic nanoparticles. Closely following the classical works of Landau and Lifshitz 41 and Kittel, 22 we derived the constitutive equation for the magnetic induction B in a nanoparticle subject to the AC field. The difference is that we set up the FMR theory considering the corresponding boundary value problem of electrodynamics. This approach allows one to employ the averaging technique developed for nonmagnetic nanocomposites 4, 10, 21 and derive the constitutive equation relating magnetic induction with magnetization in nanocomposites.
We then examine the heat production in nanocomposites. Laminated films where each layer is filled with a particular type of magnetic nanoparticles and films with a mixture of different nanoparticles are examined to show the selectivity of heating of different nanoparticles at a selected EM frequency. It is demonstrated that applying the EM irradiation at the FMR frequency, one can significantly enhance the heating rate at the nanoscale level.
II. FERROMAGNETIC RESONANCE IN A SINGLE DOMAIN NANOPARTICLE
A schematic of the FMR setup is shown in Figure 1 . During the experiment, the specimen, a composite film in our case, is subject to a bias DC magnetic field, H ex . The film properties are probed by applying the EM irradiation with the AC magnetic field h 0 perpendicular to the bias magnetic field H ex , i.e., h 0 ?H ex . The incident EM wave has the wave vector k 0 directed along the z-axis, see Fig. 1 . The EM wave is partially absorbed by the material, hence the amplitude of the outgoing wave decreases, h 3 < h 0 . In the FMR experiments, 42 the microwave absorption by the sample is measured by changing the strength of the bias magnetic field H ex and keeping the frequency f of the AC field h 0 non-changed. The FMR is detected when a maximum absorption is observed at a certain magnetic field H ex ¼ H c . 22, [41] [42] [43] One can also fix H ex and scan over the frequency to observe an absorption peak. 42 Conventional FMR experiments are conducted on the ferromagnetic samples for which the constitutive equations are known. In the case of composites containing ferromagnetic single domain nanoparticles, the fields inside the sample and non-magnetic host are perturbed and hence they are different from the external applied field H ex . Therefore, the constitutive equation for such a material has to be derived.
To simplify the problem, we assume that the easy axes of the nanoparticles are directed parallel to the direction of the bias field H ex , the z-direction in Figure 1(b) . This assumption is not strong and, as shown in Refs. 29, 34, and 44-46, this type of alignment can be easy realized in experiments. The film perturbs the bias magnetic field H ex . Denoting the volume fraction of nanoparticles by u, we can find the field inside the film as H in ¼ H ex -uM, where M is the magnetization of a single nanoparticle (Figure 1(c) ). This internal bias field H in acts on each nanoparticle to align all magnetic moments of the nanoparticles parallel to this field. In order to find the permeability of a composite film, we have to look at the reaction of a single nanoparticle on the applied field H in .
A. Landau-Lifshitz-Gilbert dispersion of magnetic permeability of a nanoparticle
The EM waves of interest have the wavelengths which are much greater than the nanoparticle size. For example, a 10 GHz frequency wave in vacuum has the wavelength k of about k ¼ 3 Â 10 À2 m, which is much greater than the size of the single domain nanoparticles ranging between 10 À9 m and 10 À8 m. 42 Therefore, each wave period covers thousands and thousands of nanoparticles in the nanocomposites. EM waves cannot recognize nanoparticles seeing the material as it would be a continuum. In turn, each nanoparticle does not recognize the profile of the EM wave. The nanoparticle is able to recognize only magnitude of the EM wave at the particle location. Thus, for a nanoparticle, the EM wave is merely an external uniform AC field.
When an EM wave penetrates the nanoparticle, the magnetization vector M is forced to deflect from the easy axis. As a result, the magnetization vector rotates around the easy axis. This precession is schematically depicted in Figure  1 (b). In continuum electrodynamics, the precession of magnetization vector is described by the Landau-Lifshitz-Gilbert (LLG) equation 21, 42 
where c > 0 is the gyromagnetic ratio, l 0 is the permeability of vacuum, a is the phenomenological damping coefficient, and h m is the AC component of magnetic field inside the nanoparticle. We assume that the particle is spherical and has an uniaxial magnetocrystalline anisotropy. In case of a single domain nanoparticle, jMj ¼ M ¼ M s , where M s is the saturation magnetization of the material. Then, the bias DC component of magnetic field inside the nanoparticle, H s (parallel to H in ) is calculated as 42
where K 1 is the constant of magnetocrystalline anisotropy. For interpretation of the FMR experiments, the magnetization vector M is represented as M ¼ M 0 þ m, where M 0 is the time independent component of the magnetization vector which is set by the bias field (M 0 jj H in ) and m is the dynamic time-dependent component of the magnetization vector. The amplitudes of vectors m and h m are typically much smaller than the corresponding bias components, h m ( H s , m ( M. Therefore, Eq. (1) can be linearized as The first equation implies that the time independent component of magnetization vector, M 0 , is always parallel to the bias magnetic field, H s . The second equation is satisfied only by a 2D vector m rotating perpendicularly to the H s and M 0 vectors which are parallel to each other. This also implies that the magnitude of magnetization M 0 is equal to the saturation magnetization, the third equation (3) .
In a wave, the field inside the nanoparticle oscillates periodically, h m / e 
whereẑ is the unit vector directed parallel to the z-axis, h is a 2D time-independent vector specifying the field inside the nanoparticle, and l(x) and g(x) are the two characteristic functions describing the dependence of relative permeability on the wave frequency. As follows from the derivation of Eqs. (4) and (5), these equations are applicable for any ferromagnetic materials. 15, 18, 43 The nanomaterial features come from the definition of x r by Eq. (6), where the field H s carries all the information about the nanoparticle nature. Therefore, it is instructive to analyze first the behavior of functions l(x) and g(x) on x considering x r as a phenomenological parameter, and then discuss their behavior in a nanoparticle explicitly specifying x r through Eq. (2).
B. Functions l(x) and g(x)
It is convenient to introduce the circularly polarized waves as h m 6 ¼ (e x 6 ie y ) h exp(ixt), 21 where the plus wave with subscript "þ" and the minus wave with subscript "À" are defined as the left-and right-handed circularly polarized waves, respectively. As shown in Appendix A, Equations (4) and (5) can be rewritten as
where b Figure 2 illustrates the characteristic features of the relative permeabilities of a ferromagnetic material probed by the two distinctly polarized waves.
As follows from Eq. (7), the resonance peak appears only for the minus-wave for which the m-vector spins in the anticlockwise direction (Figure 11 in Appendix A). When the microwave frequency x approaches the natural precession frequency x r , the denominator in Eq. (7) goes to zero and the effective permeability (l þ g) significantly increases. Close to this natural frequency, the permeability can become negative ( Figure 2 ). In the limit x ) x r , the permeability approaches 1 and the ferromagnetic material behaves as a nonmagnetic material.
For a bulk material, the negative permeability implies that the EM wave cannot penetrate the material. When the EM penetrates the distance d below its surface, the amplitude of the EM wave exponentially decays, h / exp(À2pd/k). 21 Therefore, when an EM wave hits a ferromagnetic film, the absorption significantly increases at the resonance frequency x r and finally the material becomes almost impermeable for the waves when the frequency is further increased. This is a signature of the ferromagnetic resonance in the bulk materials.
However, if the diameter of a ferromagnetic nanoparticle is much smaller than the wavelength k, the EM wave will be able to penetrate the nanoparticle. This effect is specific for the nanoparticles and we discuss it below. 
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8 ¼ 10 À17 s. The characteristic time of rotation of spins in the gigahertz wave is inversely proportional to the frequency of applied field, hence it is roughly estimated as s x $ 10 À9 s. Since s is much smaller than s x , one can safely assume that the nanoparticle is subject to a quasi-static magnetic field, i.e., all time-dependent terms in the Maxwell equations can be safely dropped and the field distribution outside and inside the nanoparticle is obtained from the magnetostatic field equations: 21 Mathematically, the magnetostatic problem is analogous to an electrostatic problem solved in Ref. 4 . The details can be found in Appendix B. The solution suggests that inside the nanoparticle, the magnetic fields of both polarizations h In the minus-wave, the relative permeability is defined as l þ g, (b) In the plus wave, the relative permeability is defined as l -g. Calculations are given for a ferromagnetic nanoparticle with the following parameters:
It becomes clear that the magnetic field inside the nanoparticle tends to infinity when the denominator of Eq. (8) goes to zero. In the limit of no damping, this condition is satisfied at x ¼ x c where x c is the root of the equation
A similar condition is used in nanoplasmonics dealing with the light-induced excitations of charges in metal particles suspended in the air 10, 11 (one has to replace the permeability with the dielectric function, provided that the dielectric function of the air is equal to 1). In metals, these excitations are called "plasmons," thus emphasizing the nature of the electron oscillations described in terms of the solid state plasma. 4, [47] [48] [49] [50] [51] [52] In ferromagnetic nanoparticles, it is natural to talk about magnons as the carriers of excitations. Condition (9) is the resonance condition for magnonics. Such a resonance is caused by the interactions of magnons with the surrounding media when the real part of the effective permeability of the minus-wave changes the sign from positive to negative. Accordingly, the field strength changes resulting in a transition of materials properties from the field permeable-to impermeable-to the field-enhanced states, Figure 3 
Solving Eq. (9) for x c , we obtain
The distribution of dimensionless fields h i À = h À outside (i ¼ l) and inside (i ¼ m) a single domain ferromagnetic nanoparticle for the right-handed circularly polarized wave (minus -wave) is shown in Figure 3 . The distinct behavior of magnetic fields is illustrated with three different frequencies. In calculations, we assumed that the snapshots are taken at a certain time moment t when the average magnetic field in the nanocomposite, h À , is pointing in the x-direction. All physical parameters are chosen the same as those used to graph in Figure 2 :
5 A/m, and a ¼ 0.05. Under these conditions, the two resonance frequencies x r and x c appear very different:
The frequency of the 1 GHz wave is much lower than the natural precession frequency x r /2p resulting in l(x) þ g(x) ¼ 2.7. The nanoparticle behaves as a normal permeable material. Accordingly, the field inside the nanoparticle is codirected with the average field h À and is weaker than h À , Figure 3 (b).
The frequency of the 9.7 GHz wave is close to the natural precession frequency x r /2p. Therefore, the dynamic permeability of the nanoparticle l(x) þ g(x) is positive and reaches its maximum (Figure 2 (a)) thus effectively shielding the nanoparticles from the external field. This effect can be also explained by considering two field components. Calculations show that the demagnetization field, Àm/3, is counter directed to the average field h À ; the strengths of the demagnetization and average fields are about the same. Summing up these two vectors, we observe a significant drop of the field inside the nanoparticle, h Figure  3 (c). Therefore, the nanoparticle can be considered almost impermeable to the field.
The frequency of the 16 GHz wave is close to the resonance frequency x c /2p. In this case, the demagnetization field is almost perpendicular to the applied field h À and its magnitude is much greater than that of h À . As a result, the magnetic field inside the nanoparticle is significantly enhanced, Figure 3(d) . Appendix B contains a detailed analysis of the spectral behavior of the dynamic magnetization and internal field for frequencies from 1 GHz to 25 GHz. 
FIG. 3. Distribution of dimensionless fields
h i À = h À outside (i ¼ l) and inside (i ¼ m) a single domain ferromagnetic nanoparticle with magnetization M ¼ 4.3 Â 10 5 A/m. The static field is taken as l 0 H s ¼ 0.31 T. (b) x/2p ¼ 1 GHz, (c) x/2p ¼ 9.7 GHz, (d) x/2p ¼ 16
D. The difference between two resonance frequencies of a nanoparticle
According to Sec. II C, for a single domain nanoparticle embedded in a nonmagnetic matrix, the natural precession frequency x r is different from the resonance frequency x c . For a spherical nanoparticle, these two frequencies are related through Eq. (10).
Equation (10) can interpreted as follows. Based on Eqs. (2) and (6), the natural precession frequency is written as
MÞ is the field of crystalline anisotropy. 42 Using Eq. (9), the resonance frequency x c for the embedded nanoparticle is rewritten as
Thus, the resonance frequency x c is independent of the demagnetization field of an individual nanoparticle H d ¼ ÀM=3!
The resonance frequency for a composite film is immediately obtained by specifying the magnetic field inside the film H in ¼ H ex À uM. Therefore, the resonance frequency for an embedded nanoparticle takes the form
This formula can be used to tune the FMR frequency by varying the external magnetic field H ex , the volume concentration of nanoparticles u, or by choosing materials with different magnetization M and the anisotropy constant K 1 . Table I lists six different materials dividing them into two groups, I: materials with hexagonal crystal structure and uniaxial magnetocrystalline anisotropy, II: materials with cubic crystal structure and cubic magnetocrystalline anisotropy. The gyromagnetic ratio c ¼ 2 Â 10 11 (rad/T/s) and damping coefficient a ¼ 0.05 are taken the same for all materials. The resonance frequencies x c and x r are calculated for a single nanoparticle substituting u ¼ 0 into all formulas.
For group I, external magnetic field H ex is set to be zero and for group II, l 0 H ex ¼ 0.5 T. For materials with cubic magnetocrystalline anisotropy, the effective anisotropic field H a is not well defined. We assume K 1 ¼ 0 in this case.
E. Heating of a single domain nanoparticle
The heat produced by a single domain nanoparticle per unit time and per unit volume was calculated using different approaches. 21, 37, 58, 59 As shown in Appendix C, all these methods lead to the same basic formula 21, 59 P
where x is the angular frequency of the microwave and e 0 is the permittivity of vacuum; e m and l m are the relative permittivity and permeability of the magnetic nanoparticle; and E and h m 6 are the electric and magnetic fields of the microwave inside the nanoparticle. The heat production is attributed to both electric losses P E and magnetic losses P h . Both losses are measured in units of W/m 3 . According to estimates in Appendix C, the electric losses are negligibly small compared to the magnetic losses. Neglecting P E , the heating rate of a magnetic nanoparticle is written as
where
is the microwave power, C p (J/kg/K) is the heat capacity at constant pressure, q is the density, c 0 is the speed of light in vacuum, and h 0 is the magnetic field of the microwave in the free space. It is evident that the heating rate depends on the magnetic properties of nanoparticles through the ratio x M =x r .The dependences of the dimensionless heating rate 2K T qC p =ðx r P 0 Þ on this ratio are shown in Figure 4 .
The maximum heating rate is reached at the resonance frequency x ¼ x r þ x M /3 and the heating rate at this frequency is calculated as The maximum heating rate is therefore directly proportional to the saturation magnetization M and inversely proportional to damping coefficient a. It does not depend on the natural precession frequency x r or on the particle size. Using the parameters listed in Table I For description of nanocomposites, one typically employs an effective medium approximation resulting in the concentration dependent permeability and permittivity. 10, 11, 15, 21, [60] [61] [62] [63] [64] We use the derivation developed earlier 4 for composites with non-magnetic metal nanoparticles. The average magnetic induction b 6 and magnetic field h 6 are defined through the following equation:
where V is the sample volume. The average field h 6 is considered to be equal to the field in the host material h 
In which, u is the volume fraction of ferromagnetic nanoparticles, l ef f 6 are the effective permeabilities for the left-and right-handed circularly polarized waves.
As an illustration, Figure 5 demonstrates the behavior of effective permeability of nanocomposites with the volume fraction u ¼ 0.01 of the c-Fe 2 O 3 nanoparticles. This dependence is very much similar to that of a single nanoparticle. For the plus-wave, the effect of nanoparticles is insignificant and the main response comes from the host non-magnetic material. For the minus-wave, the picture is completely different. This frequency defined by Eq. (11) provides the maximum heating rate for the entire composite film.
To illustrate the distinct behaviors of the single nanoparticles and composite materials made of these nanoparticles, we first consider the associated resonance peaks, Figure 6 . Three materials, a- Table I and we assume that the external field is equal to l 0 H ex ¼ 0.5 T and it is much greater than l 0 uM and l 0 H a . The real parts of permeability are shown in Figure 6 . According to Eq. (10), the difference between x c and x r depends solely on the materials magnetization M. For the a-Fe 2 O 3 nanoparticles, magnetization M is much smaller than the external field H ex . Therefore, the frequency As evident from Figure 6 , the resonance peak is located at different frequency, unique for each nanoparticle. The saturation magnetization is the main controlling parameter of the resonance frequency of a single nanoparticle. The value of saturation magnetization of Fe 3 O 4 is very close to that of the c-Fe 2 O 3 nanoparticles. Therefore, the resonance frequencies of the Fe 3 O 4 and c-Fe 2 O 3 nanoparticles are sitting close to each other. Since the volume fraction of nanoparticles is small and the field of crystalline anisotropy is much smaller than the applied field, the resonance frequency of the entire composites x c ¼ cl 0 (H ex À uM þ H a ) is almost the same for all three materials.
B. Heat production in a nanocomposite film
Assume that a microwave propagates perpendicularly to the film surface and the external magnetic field H ex is co-directed with the wave vector k (Figure 1(d) ). The film thickness is d. In Figure 1(d) , E 0 and h 0 are the electric and magnetic components of the incident microwave, E 3 , h 3 are those of the transmitted wave, and E 4 , h 4 correspond to the reflected wave; E 1 , h 1 and E 2 , h 2 are two waves travelling inside the film in the opposite directions. Two wave vectors k 0 ¼ x ffiffiffiffiffiffiffiffi ffi e 0 l 0 pẑ and k 1 ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi e ef f l ef f p k 0 are the wave vectors corresponding to the EM waves propagating in vacuum and in the nanocomposite, respectively. The effective permeability l eff is defined by Eq. (18) and e eff was calculated in Ref. 4 . The waves are considered circularly polarized. The reflection and transmission coefficients are calculated by matching the tangential components of electric and magnetic fields at the two boundaries z ¼ 0 and z ¼ d (see Appendix D for derivation). The result is
Z 0 and Z 1 are the wave impedances in vacuum and in nanocomposites, respectively. We introduce a dimensionless parameter, the absorption coefficient g ¼ 1 À jTj 2 À jRj 2 , which is the ratio of the energy absorbed by the film to the energy of the EM irradiation pumped into the system. As an illustration, we examine a paraffin film with thickness d ¼ 1 mm subject to the external magnetic field H ex ¼ 0.5 T. Three volume fractions of nanoparticles in the film were examined: v ¼ 0.03, 0.01, and 0.005. In these films, the effects of the wave interference can be safely neglected. Indeed, as an order of magnitude estimate of the wavelength of the microwaves of interest, we take a 10 GHz microwave in vacuum. Its wavelength is about k $ 0.2 m, which is much greater than the film thickness k) d ¼ 1 mm.
At very small concentrations of the nanoparticles, the electric losses in nanoparticles are insignificant compared to those of the magnetic losses. Hence, we will use the dielectric constant of paraffin e eff ¼ 2.2 in calculating electric losses. Within the frequency band of interest, the dielectric function of paraffin does not change significantly and can be considered constant.
We assume that the plus-and minus-waves have the same amplitude. Figure 7 illustrates the behavior of absorption coefficient as a function of the microwave frequency. As expected, the greater the amount of magnetic material in the film, the greater the absorption. It is worth noting that the absorption peak (marked by the purple dots) is significantly shifted (except for a-Fe 2 O 3 ) as the volute fraction changes from 0.005 to 0.03; this shift of the FMR frequency is determined by Eq. (11) .
An analysis of the FMR absorption spectrum allows one to evaluate the heating rate of the film. Assume that the film has the surface area A. If P 0 is the power of the EM wave propagating through the film, the heat produced per unit time will be P 0 Ag and the heating rate of the composite film K T is defined as
where d is the film thickness. Consequently, the heating rate K T is proportional to the absorption coefficient g. Therefore, the heating rate has the same frequency dependence as that of the absorption coefficient.
As an illustrative example of application of this theory, we examined the maximum heating rates of different paraffin films (C p ¼ 2.14 J/g/K, q ¼ 0.9 g/cm Another example is a composite film made of a mixture of magnetic nanoparticles. Each family of nanoparticles will support a particular reaction initiated at a given frequency. In this case, the effective permeability is defined as follows:
where u i is the volume fraction of the ith type of magnetic particles, and l i and g i are defined by Eqs. (2), (5), and (6). The magnetic field inside the film is
, where M i is the magnetization of the ith type of nanoparticles. Figure 9 shows the resulting heating rates for different frequencies. Three distinguishable heating peaks show up, each corresponds to the resonance frequency of a particular family of nanoparticles. These results support the idea of selective triggering of the chemical reaction provided that the dispersion contains different magnetic inclusions. As a natural application of FMR, one can think about the detection of different types of magnetic clusters in a composite film by scanning over the EM frequency.
In some applications, one needs to initiate reactions with different kinetics to supply the heat at the different rates. 39, 40, [65] [66] [67] Therefore, one can think of a laminated structure with different layers having the same matrix but different fillers. Applying an EM irradiation at the different frequency bands to the structure, one expects that the layers with different magnetic nanoparticles will support different reactions. As an illustration, we choose a sandwich made of three different paraffin films filled with ferromagnetic nanoparticles: the top layer is filled with Co, the middle layer with BaOÁ6Fe 2 O 3 , and the bottom layer with c-Fe 2 O 3.
The problem of propagation of an EM wave through this sandwich is solved by matching the E-and H-field components at all the four interfaces (see Appendix D for derivation). The H-component in each layer is specified and then the heating rate is calculated for each individual layer. The results of these calculations are given Figure 10 : It is evident that one can tune maximum heating rate of the composite film by selecting the optimum frequency.
IV. CONCLUSIONS
In this paper, we study the specifics of ferromagnetic resonance in non-magnetic films loaded with the single domain ferromagnetic nanoparticles.
First, we review the Landau-Lifshitz-Kittel theory of magnetic resonance in a single domain nanoparticle considering this problem as a spectral boundary value problem of electrodynamics. For the microwaves of interest, one can limit the analysis to a quasi-static approximation, when magnetic induction is assumed solenoidal and magnetic field is assumed potential. For a spherical nanoparticle, the boundary value problem of magnetostatics with the linearized Landau-Lifshitz-Gilbert equation for magnetization is solved analytically. It is shown that the behavior of magnetic field inside and outside the nanoparticle significantly depends on the frequency of applied magnetic field. It appears that the magnetic field inside the nanoparticle is significantly enhanced at the resonance frequency x c given by Eq. (11). This resonance frequency is different from the natural precession frequency x r given by Eq. (6). The effect of the particle heating is considered in details. The heat production is attributed to the magnetic losses. The heating rate for a single nanoparticle is found to be directly proportional to the particle magnetization and the maximum rate is achieved at the resonance frequency x c . At this frequency, the heating rate can be quite high, for example, at the power of microwave irradiation equivalent to the sunlight power, the temperature of the cobalt nanoparticles is predicted to increase with the rate of 3 deg/s. Thus, using FMR, one can purposely deliver heat to the nanoscale at a sufficiently fast rate. We then discuss the features of the ferromagnetic resonance in nanocomposites loaded with a low volume fraction of magnetic nanoparticles. It is shown that the absorption coefficient of a nanocomposite film depends nonmonotonously on the microwave frequency. The resonance frequency where the absorption coefficient reaches its maximum changes proportionally to the volume fraction of nanoparticles. The heating rate of the nanocomposite film is proportional to the absorption coefficient and hence the fastest heating is achieved at the resonance frequency x c . Examination of the heating rate of paraffin films loaded with different magnetic particles of the same volume fraction reveals that the heating rate does not change significantly from one magnetic material to another. In contrast, the local heating rate of individual nanoparticles can be quite distinguishable. This effect opens up new opportunities to initiate and control chemical reactions using nanoparticles from different magnetic materials and selectively heating the targeted spots in the reaction chamber. Two types of composite films, (a) the films filled with a mixture of different magnetic nanoparticles, and (b) laminated films, where each layer contains only one type of magnetic nanoparticles, were studied. The results show that in both cases, one can achieve a selective heating: the heating rate demonstrates a frequency-dependent feature. The films can be deliberately heated at different rates: each family of nanoparticles contribute almost independently in the peak rates. Therefore, alternating the EM frequency, one can selectively target the given family of nanoparticles. This effect can be used to control the chemical reactions occurring at the particle surfaces or in the particle vicinity.
The findings can be used to design experimental protocols for the microwave assisted syntheses of new materials or for the point of care heat delivery. Since the EM irradiation at the FMR frequency of ferromagnetic materials is not harmful for the human body, the proposed methods of heat generation can be used in different biomedical applications as well.
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APPENDIX A: CIRCULARLY POLARIZED WAVES
Since magnetic field h, and magnetic induction b are the 2D-vectors oscillating in the xy-plane, constitutive equation (4) can be written in a tensor form through its x and y components as
where l ij is the magnetic permeability tensor and the frequency dependent functions l and g are defined through Eq. (5).
In a circularly polarized EM wave, the 2D h-field can be considered as a complex-valued vector h 6 ¼ (e x 6 ie y ) h 0 exp(ixt). 21 The unit vectors e x and e y point in the x and y directions, respectively. We will call the wave h þ ¼ (e x þ ie y ) h 0 exp(ixt) the "plus"-wave, and the wave h À ¼ (e x À ie y ) h 0 exp(ixt) the "minus"-wave.
When a circularly polarized wave propagates through the material along the wave vector k, magnetic field h spins around this vector perpendicularly to it, h?k. This rotation of vector h is schematically shown in Figure 11 , where the plus wave with subscript "þ" and the minus wave with subscript "À" are defined as the left-and right-handed circularly polarized waves, respectively.
In this representation of the circularly polarized waves, Eqs. (4) and (5) can be simplified by introducing the right-and left-handed magnetic inductions b 6 ¼ (e x 6 ie y ) b 0 exp(ixt) as
The superscripts l and m stand for the host material and magnetic nanoparticle, respectively. As known from magnetostatics, 21 the magnetization inside an ellipsoidal particles 
subject to the boundary conditions at the nanoparticle surface. Written in the spherical system of coordinates where r ¼ (r, h) is the position vector with the origin at the nanoparticle center, this condition states that at r ¼ R we must have
Far away from the nanoparticle, as r tends to 1, the field must be equal to the average field h in the composites, rw i ¼ À h The solution to Eqs. (B2) and (B3) for a spherical nanoparticles is sought in the form
Using the boundary condition at infinity, rw i ¼ À h (r ! 1), we immediately obtain a l ¼ 1. To avoid singularity of the magnetic potential w m at r ¼ 0, the constant b m should be set as zero, b m ¼ 0. Thus, the field inside the particle is uniform and this field constant a m has to be found from the remaining boundary conditions. Substituting constitutive equation (7) into Eq. (B3), and assuming that the host matrix satisfies the following constitutive equation b l ¼ l 0 h l , the two coefficients a m , b l for left-and right-handed circularly polarized waves are obtained as
Taking into account the following equality which follows from Eq. (7):
the dynamic magnetic fields inside the nanoparticle for the plus and minus waves h m 6 are related to h 6 through the following equation:
The amplitude and phase of the magnetic field h m À and the magnetization m of the nanoparticle for the minus-waves from 1 to 25 GHz are shown in Figure 12 . The phase of magnetization is always negative because it is induced by the magnetic field h À and there always will be a phase lag. When the frequency of EM wave is low (x ( x r ), the phase of magnetization approaches 0 meaning that the magnetization rotates in phase with the field. In the other limit (x ) x r ), the phase approaches -p meaning that magnetization m is always antiparallel to the average field h À . In both limits, the amplitude of the magnetic moment is very small indicating that the precession shown in Figure 1 is very weak. This precession becomes vigorous and significantly changes the amplitudes of the field when the frequency approaches the solution of Eq. (9). In our case x c /2p ¼ 16 GHz. At this point, magnetization m becomes almost perpendicular to the field h À (the phase shift of 1.68 is approximately p/2). Simultaneously with the magnetization, the internal magnetic field also reaches the maximum at the same frequency as shown in Figure 3(b) . It is interesting to observe that close to the point x r /2p (9.7 GHz for this case), the amplitude of magnetic field attains a minimum corresponding to Figure 3(a) . As discussed above, at this frequency, the demagnetization field is almost antiparallel to the average field h À and magnetic field h À is strongly shielded.
APPENDIX C: HEATING RATE OF A MAGNETIC NANOPARTICLE
Assume that the nanoparticle is suspended in free space, the power of the microwave is
2 units) where c 0 is the speed of light in vacuum, h 0 and E 0 are the magnetic and electric fields of the microwave in the free space. Normalizing P E and P h by the wavelength k ¼ 2pc 0 /x, and P 0 we have We first study the magnetic losses. The relative permeability l m ¼ l 6 g is interpreted by Eq. (7). Since the imaginary part of l m for the plus-wave is almost zero (Figure 2 ), only minus-wave will induce the magnetic losses. The magnetic field h m 6 of microwave inside the nanoparticle is determined by Eq. (8) . Since the damping coefficient a is unknown for the materials listed in Table I except of cobalt, we consider cobalt as an example and estimate the heat production rate P h k/P 0 induced by the minus-wave. It is instructive to study the heat production rate in the vicinity of the two frequencies x r /2p ¼ 0.7 GHz and x c /2p ¼ 19.9 GHz (Table I) . As illustrated in Figure 13 , the heat production rate reaches a maximum at the resonance frequency x c /2p. At this frequency, the magnetic field h m À inside the nanoparticle is significantly enhanced (Figure 3(b) ). No peak can be observed in the vicinity of the natural precession frequency x r /2p because the internal magnetic field h m À is almost zero at this frequency (Figure 3(a) ).
In the vicinity of the resonance frequency x c /2p, electric losses are negligibly small compared to the magnetic losses. This statement can be justified using the following argument. Electric field E inside the nanoparticle can be found by solving an electrostatic problem. The result takes the form of Eq. (8)
where e l is the relative permittivity for the host material and E 0 is the electric field of the microwave far from the particle. For a cobalt nanoparticle, the electric permittivity e m in the GHz range satisfies the relation je m j ) e l . Hence, the electric field inside the nanoparticle is diminished (jE/E 0 j ( 1). As a result, the electric losses are negligibly small.
Using the heat production rate, we can also calculate the heating rate (K/s) of a single domain nanoparticle. Considering only magnetic losses P h , the heat produced by a nanoparticle per unit time is P h V, where V is the volume of the nanoparticle. The heating rate is calculated as K T ¼ P h V/ C p m ¼ P h /qC p , where C p (J/kg/K) is the heat capacity at constant pressure, m is the mass of the particle, q is the density. Using Eq. (13), the heating rate can be written as
is related to h 0 through Eq. (8) and h 0 is related to P 0 as P 0 ¼ c 0 l 0 h 2 0 =2. As a result, considering a linear polarized microwave which is composed of equal amount of minuswave and plus-wave, the heating rate can be interpreted in terms of P 0 as
Using the definition of the relative permeability, Eq. (7), one can relate the heating rate with magnetic properties of nanoparticles as As shown in Figure 1(d) , the tangential components of both electric and magnetic fields of the microwave must be continuous at the two interfaces z ¼ 0 and z ¼ d. Therefore, the boundary conditions to be satisfied at the interface are as follows:
ðz ¼ 0Þ;
The electric field and magnetic field are related through the following relations:
Substituting Eq. (D3) into Eqs. (D1) and (D2) yields
This system of linear equations can are solved to obtain the transmission and reflection coefficients equation (19) . For a multilayer system shown in Figure 14 , a similar formulation of the problem is built; the wave system is illustrated in Figure 14 . For this problem, there are four interfaces z ¼ 0, 3 and the system will be composed of eight linear equations. Following the strategy used for the single layer problem, this system of equations is written as 
Or, using the matrix form A ij E j ¼ B i , it is rewritten as All the reflecting and transmitting waves (E j /E 0 j ¼ 1, 2…8) can be specified numerically by a matrix operation. Then the absorption coefficient of a certain layer is obtained by calculating the net energy flowing into the layer. Take layer 1 as an example, waves E 0 and E 4 correspond to the inward energy flux (the energy flow into the layer), while waves E 8 and E 3 correspond to the outward energy flux (the energy flow out of the layer 
The absorption coefficient g 1 , which is the ratio of the energy absorbed by layer 1 to the energy of the EM irradiation pumped into the system, is defined as
The absorption coefficient of layers 2 and 3 can be defined in a similar way.
